The question of whether abscisic acid (ABA) acts as an inhibitor or promoter of shoot growth in plants growing in drying soil is examined, drawing on current understanding of the role of ABA in root growth maintenance. Particular consideration is given to studies of endogenous ABA deficiency, which have shown that an important role of ABA is to limit ethylene production, and that this interaction is involved in the effects of ABA status on shoot and root growth.
Introduction
Shoot growth is more sensitive than root growth to soil drying (Sharp and Davies, 1989) , and can be inhibited prior to the development of decreased water potentials in the aerial parts of the plant (Saab and Sharp, 1989; Gowing et al., 1990) . This response is thought to be attributable to the action of non-hydraulic regulatory signals from those roots exposed to dry soil, while at the same time the remainder of the root system supplies adequate water to maintain the shoot water status. There has been considerable attention given to the possibility that root-sourced abscisic acid (ABA) is at least partly the cause of shoot growth inhibition under these circumstances. However, definitive evidence is lacking and, by contrast, recent studies of ABA-deficient mutants suggest that endogenous ABA may often function to maintain rather than inhibit shoot growth. Drawing on current understanding of the role of ABA in root growth regulation at low water potentials, this review considers the circumstances under which ABA may act as an inhibitor or promoter of shoot growth in waterstressed plants, in particular regarding its involvement in long-distance signalling from the roots.
Recent advances
For almost 25 years, there has been much speculation that the increase in concentration of abscisic acid (ABA) in water-stressed plants may be causally related to growth inhibition, particularly of shoot growth (Quarrie and Jones, 1977; Trewavas and Jones, 1991) . This view has arisen largely because of the typically inhibitory effect of ABA on shoot and root growth when it has been applied to well-watered plants. In some such experiments, the resulting relationship between the ABA content of the tissues or xylem sap and growth inhibition suggested that the increase in endogenous ABA in water-stressed plants was sufficient to account for much if not all of the inhibition of growth that resulted from the water stress treatment (Creelman et al., 1990; Zhang and Davies, 1990) . However, in roots of maize seedlings, it has been demonstrated that such observations do not predict the function of endogenous ABA accumulation during water stress. As shown in Fig. 1 , root elongation was inhibited progressively in well-watered seedlings when the root tip ABA content (encompassing the elongation zone) was increased by applying a range of ABA concentrations. The relationship is consistent with the possibility that the level of ABA in the roots of seedlings growing under water stress is responsible for the inhibition of root elongation in these seedlings. However, when the ABA content of the water-stressed roots was decreased chemically (using the inhibitor fluridone) or genetically (using the vp5 or vp14 mutants), elongation was further inhibited rather than increased. Root elongation recovered when the ABA content was restored with exogenous ABA, confirming that the normal accumulation of endogenous ABA is in fact necessary for root growth maintenance during water stress. It is important to emphasize that these experiments were performed under conditions of near-zero transpiration (darkness, near-saturation humidity, minimal shoot development), and therefore the effect of ABA deficiency on root growth was not confounded by indirect effects due to variation in stomatal control of plant water status.
In ABA-deficient seedlings under water stress, the rate of ethylene production was greatly increased (Fig. 2) , and this effect was completely prevented when normal ABA levels were restored (Spollen et al., 2000) . Moreover, root elongation of ABA-deficient seedlings recovered to the control rate when ethylene production was reduced to normal levels using inhibitors of ethylene synthesis, showing that an important role of endogenous ABA accumulation in the maintenance of root elongation at low water potentials is to prevent excess ethylene production. The discovery that increased ABA levels are required to limit ethylene production in water-stressed plants confirms ideas first suggested by Wright (Wright, 1980) , but which had not been tested. Importantly, when the increase in ethylene production was prevented, ABA deficiency had no effect on root elongation (Fig. 2) . Thus, the interaction of ABA with ethylene did not override an opposing growth-inhibitory role of ABA accumulation in the response of root elongation to water stress. From this work, it appears that the inhibitory effect of applied ABA on root growth of well-watered seedlings does not provide useful information about the function of ABA in the regulation of root growth during water stress.
How do these findings relate to the role of increased ABA concentrations in the response of shoot growth to water stress? As already mentioned, there are many reports that applied ABA is a potent inhibitor of shoot growth in well-watered plants. However, only one series of reports in the literature has shown that ABA deficiency . At high water potential, the root ABA content of hybrid (cv. FR27 3 FRMo17) seedlings was raised above the normal level by adding various concentrations of ABA (A) to the vermiculite. At low water potential, the root ABA content was decreased below the normal level by treatment with fluridone (F) or by using the vp5 or vp14 mutants. Data are plotted as a percentage of the rate for the same genotype at high water potential. Elongation rates of the mutants at high water potential were similar to their respective wild types (from Sharp, 2001 ; reprinted with permission of Blackwell Science; original data from Saab et al., 1990 , Sharp et al., 1994 and unpublished data of I-J Cho, B-C Tan, DR McCarty, and RE Sharp). in plants under water stress (or, in fact, under any stress condition) causes improvement of shoot growth, as would be expected if endogenous ABA accumulation is actually a cause of growth inhibition. Under water stress, the rate of shoot elongation was greater in ABA-deficient (fluridone-treated or vp5 mutant) maize seedlings than in the control (Saab et al., 1990 (Saab et al., , 1992 Sharp et al., 1994) . Additional work with the same system, however, showed that the promotive effect of ABA deficiency on shoot growth was restricted to the early post-germination stage and that, in fact, the response subsequently reversed such that ABA deficiency caused further growth inhibition, as in roots. Moreover, treatment with supplemental ABA resulted in a substantial promotion of shoot growth at the later time compared to control seedlings ( Fig. 3; Feng, 1996; Sharp, 2001 ). This effect was not observed in the roots ( Fig. 3 ; Sharp et al., 1994) , indicating that one reason shoot growth was more inhibited than root growth during water stress was because ABA levels were optimal for root elongation but were insufficient for maximal elongation of the shoot.
Further experiments indicated that the effects of ABA status on shoot growth were attributable to a similar antagonistic interaction with ethylene to that described above for root growth (Feng, 1996; Sharp, 2001) . The results suggest that ABA was growth inhibitory in very young seedlings because ethylene was growth promotive during that stage of development, whereas ABA subsequently became growth promotive because ethylene became growth inhibitory. Moreover, because of the insufficiency of endogenous ABA accumulation, ethylene was a significant cause of the inhibition of shoot growth in water-stressed seedlings at the later stages of development. This contrasts to the roots, in which the normal accumulation of ABA was sufficient to prevent ethylene-induced growth inhibition (Spollen et al., 2000) .
If restriction of ethylene production is a widespread function of ABA, then ABA may, more generally, play a role in shoot growth promotion rather than inhibition, because ethylene is usually inhibitory to the shoot growth of terrestrial plants (Abeles et al., 1992) . In support of this idea, recent studies have established that the impaired shoot growth of ABA-deficient mutants of tomato and Arabidopsis (ME LeNoble, WG Spollen and RE Sharp, unpublished data) under well-watered conditions is at least partly attributable to excess ethylene production (rather than to adverse plant water relations as had previously been believed). Also, studies by Roberts et al. indicate that increased ABA concentrations help to maintain rather than inhibit the shoot growth of plants subjected to soil compaction (Roberts et al., 2002) . In barley, it was demonstrated that shoot growth inhibition was greater in the ABA-deficient mutant Az34 than in the wild type (Mulholland et al., 1996a, b) . Also, by using ethylenedeficient transgenic plants, it was demonstrated that excess ethylene production was a major cause of shoot growth inhibition in wild-type tomato plants (Hussain et al., 1999) . Further, treatment with supplemental ABA (applied to the soil) partly reduced shoot ethylene production and partly restored shoot growth in the wildtype plants (Hussain et al., 2000) . Thus, as in the waterstressed maize seedlings described above, the normal levels of ABA in the plants subjected to soil compaction appeared to be insufficient to prevent excess ethylene production in the shoot. Interestingly, in the ethylenedeficient transgenic plants, xylem ABA levels were increased to the same extent as in the wild type (2-fold in response to compaction, and 4-fold with the supplemental ABA treatment), yet shoot growth was almost the same as in plants grown without compaction. In other words, ethylene-deficiency did not uncover an inhibitory effect of increased ABA concentrations on shoot growth, similar to the above-described situation in water-stressed roots.
It is not known whether endogenous ABA functions to restrict synthesis of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) or the conversion of ACC to ethylene, or both. This information is important for understanding the involvement of the ABA-ethylene interaction in root-to-shoot signalling in stressed plants. In the case of soil compaction, only the roots directly experienced the stress condition. In response to mechanical impedance it is known that roots exhibit increased production of ACC and ethylene, and that ethylene is a cause of root growth inhibition (Sarquis et al., 1991 (Sarquis et al., , 1992 . Accordingly, the excess synthesis of ethylene in the shoots of plants growing in compacted soil may be attributable to an insufficiency of ABA in the roots, leading to the increased export of ACC to the shoot. Such a scenario is also likely in plants exposed to soil flooding, in which it has been shown that the ABA concentration in roots decreases substantially (probably because of the oxygenrequiring steps in ABA synthesis) and the ACC concentration in xylem sap increases greatly (Jackson, 2002) . On the other hand, in the studies of water-stressed maize seedlings, ABA accumulated to high levels in the roots, and this was sufficient to prevent ethylene-induced inhibition of root growth. Since the whole seedlings were at low water potentials, it seems likely that the ethyleneinduced inhibition of shoot growth resulted from insufficiency of ABA within the shoots themselves.
Issues for the future
Taken together, the findings with water-stressed maize seedlings, compaction-stressed barley and tomato, and well-watered tomato and Arabidopsis indicate that restriction of ethylene production is a common function of endogenous ABA. In stressed tissues, however, it appears that a greater tendency for ethylene production necessitates elevated levels of ABA to prevent ethylene-induced growth inhibition.
Is there any situation where increased ABA concentrations in water-stressed plants might exert the inhibitory effect on shoot growth predicted from the effects of applying ABA to well-watered plants? Conceivably, this might occur under the conditions described at the beginning of this review where plants are growing in drying soil but with unchanged shoot water status. Bacon et al. demonstrated that, in wild-type barley, growth of excised leaves from well-watered plants was inhibited when they were fed artificial xylem sap with a raised pH to simulate the known effect of soil drying (Bacon et al., 1998) . The growth inhibition is thought to result from an increase in the concentration of ABA in the apoplast, and did not occur in the ABA-deficient mutant Az34 unless a normal well-watered concentration of ABA was supplied in the sap. However, it remains to be tested whether ABA-deficient intact plants actually exhibit less inhibition of shoot growth than control plants when growing under such conditions in drying soil.
The design and interpretation of such experiments will be challenging for several reasons. First, if plants with ABA-deficient roots as well as shoots are studied, ACC export from the roots may increase, resulting in ethyleneinduced inhibition of shoot growth that could override any improvement of growth that might otherwise have occurred. This difficulty could be resolved by examining the effects of ABA deficiency in ethylene-deficient or ethylene-insensitive plants. Second, because of the adverse effect of ABA deficiency on stomatal behaviour and hence shoot water status, interpretation of growth responses of ABA-deficient compared to control genotypes might be confounded by indirect effects of differing water status. Therefore, experimental strategies to circumvent variation in water status between genotypes should be employed Sharp, 2001 ). Third, impaired shoot and root growth of well-watered control plants, as is often the case for ABA-deficient mutants, may also confound the interpretation of growth responses to ABA deficiency under stress. In such plants, it may not be possible to distinguish the role of stressinduced increases in ABA concentration from the function of normal ABA levels. For example, Hussain et al. attempted to use the ABA-deficient notabilis mutant of tomato to demonstrate that wild-type ABA concentrations are important in maintaining shoot growth of plants growing in compacted soil by limiting ethylene production (Hussain et al., 2000) , as would be predicted from the above-described promotive effect of supplemental ABA in this system. However, the mutant actually exhibited less inhibition of shoot growth and a similar rate of leaf ethylene evolution compared to the wild type. It seems likely that these results were attributable, respectively, to the increase in ethylene with compaction exerting a greater effect on shoot growth of the previously uninhibited wild type, and to the smaller root system of the mutant , which would have lessened the amount of roots exposed to compacted soil and, consequently, limited the ACC signal to the shoot.
To avoid the problem of impaired growth of wellwatered control plants, a partially complemented line of the notabilis mutant has recently been identified which exhibits normal ABA levels and growth when well watered, yet is deficient in ABA accumulation under water stress (ET Thorne, AC Jackson, A Burbidge, AJ Thompson, IB Taylor, RE Sharp, unpublished data) . This genotype is being used to examine the role of increased ABA concentrations in the response of shoot growth to soil drying both under conditions of whole plant water stress and when the shoot water status is maintained.
Conclusions
Recent studies show that increased concentrations of ABA are required to prevent excess ethylene production from tissues under water stress. As a result, ABA accumulation during water stress may often function to help maintain shoot as well as root growth, rather than to inhibit growth as is commonly believed. It is also possible that ABA acts to inhibit shoot growth in drying soil under conditions where shoot water deficits do not occur, but this remains to be demonstrated.
